S P E C I A L I S S U E F E AT U R E
The Deep Sea Drilling Project (DSDP; 1966 -1983 We do not fully understand the causes of the warm climate, the amplitude of its (possibly orbitally driven) variability, or the processes by which high latitudes could have been kept so warm. Atmospheric CO 2 levels may have been high (1000-4000 ppm) and more important than ocean circulation in maintaining the warm temperatures of the Green-transport, the hydrological cycle, and the role of greenhouse-gas concentration and ocean circulation are of crucial importance to predicting the transition to a future greenhouse world. In this paper, we document the importance of ocean drilling for the reconstruction of past climates and a different planet Earth.
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CORING TECHNIQUES, MEASURING TIME, AND PROXIES: THE LAST 25 YEARS
Technologies now taken for granted were in their infancy or were developed after publication of a seminal paper on Cenozoic climate (Haq, 1981) . The Hydraulic Piston Corer (HPC), so critical to obtaining long sections of undisturbed sediment, was fi rst used on the drilling vessel (DV) Glomar Challenger in 1979 (Leg 64). Cores recovered by the HPC are in stark contrast to the disturbed sediments recovered using rotary coring (Figure 2 ). Coring in only one hole at one site, however, is not optimal in the case Figure 1 . Global deep-sea oxygen and carbon isotope records based on data compiled from more than 40 DSDP and ODP Sites (Zachos et al., 2001) . Th e sedimentary sections from which these data were generated are all pelagic, i.e., deposited at depths of > ~ 1000 m, and consist of fi ne-grained, carbonate rich (> 50% CaCO 3 ) oozes and chalks. Most data are from the analysis of two long-lived benthic foraminiferal genera (Cibicidoides and Nuttallides); the data were corrected for genus-specifi c isotope eff ects by adding 0.64‰ to the values for Cibicidoides, 0.4‰ to values for Nuttallides. Th e numerical ages are relative to the geomagnetic polarity timescale of Berggren et al. (1995) . Raw data were smoothed using a 5-point running mean, curve-fi tted with a locally weighted mean. For carbon isotope values two diff erent curves were derived for times later than the middle Miocene, with the blue curve representing Atlantic Ocean values, the red curves Pacifi c Ocean values; prior to 15 Ma inter-basin gradients are insignifi cant or absent. Th e δ 18 O temperature scale was computed for an ice-free ocean (~ 1.2 ‰ standard mean ocean water [SMOW] ) and thus only applies to the time before the onset of large scale glaciation of the Antarctic continent. From the early Oligocene on, and possibly for some time before that, much of the variability in the δ 18 O values may refl ect volume changes in polar ice sheets. Th e vertical bars provide a rough estimate of the ice volume in each hemisphere relative to the ice volume during the last glacial maximum. Th e dashed bar represents ice volume < 50%, full bar >50%. Some key tectonic and biotic events are listed. (Laskar et al., 2004) .
Given that stability, one can obtain a best fi t and derive numerical ages for magnetochron boundaries and short-lived events (Westerhold et al., in press ).
Many analytical developments focused on new proxies to elucidate past environmental conditions. For example, Haq (1981) did not show a record of bulk or benthic foraminiferal δ 13 C values, which are now used extensively to reconstruct oceanic productivity, the biological pump of carbon transfer to the deep ocean, deep ocean circulation, and (indirectly) atmospheric CO 2 levels (e.g., Shackleton, 1987) . In 1981, paleo-CO 2 levels were hardly discussed, probably because neither estimates from carboncycle and climate modeling (e.g., Berner, 1994; DeConto and Pollard, 2003) , nor estimates from such proxies as alkenone carbon isotopes (Pagani et al., 2005) or boron isotopes (Pearson and Palmer, 2000) existed. In addition, in 1981 there Figure 4 . Eocene continental positions, temperature, and currents at 38-m depth in the ocean model; atmospheric CO 2 level at 1120 ppm. Th is depth is chosen to emphasize the gyre circulations and because it probably is representative of the conditions recorded by sea-surface-temperature proxies. Th e climate simulation used to produce the fi gures is described in Huber et al. (2004) , but these fi gures were not published.
way (Australia -Antarctica) deepened during the late Eocene through the earli- (Via and Thomas, 2006) . Problems in reconstructing fl ow patterns may in Figure 5 . Paleogeographic map of the Arctic Ocean (Brinkhuis et al., 2006) . To the left: carbon isotopic composition of total organic carbon at IODP Site 302-4A, showing the occurrence of the negative carbon isotope excursion (CIE) indicating the PETM. Th e relative abundance of Apectodinium (inset: Apectodinium augustum) shows that the abundance of these warm water dinofl agellate cysts increased even in the Arctic Ocean, indicating a worldwide distribution during the PETM. Arctic Ocean surface water temperatures before, during, and after the PETM are reconstructed using the TEX 86 ' proxy (Sluijs et al., 2006) , used in non-carbonate sediments. Th e map indicates locations (white stars) where microfossils of the free-fl oating freshwater fern Azolla have been found during an ~ 800 kyr interval close to the end of the early Eocene (~ 50 Ma), and the abundant occurrence in coeval sediments outside the Arctic (Labrador, Norwegian, Greenland Seas) indicates spill over.
part be due to weak Paleogene gradients in bottom-water properties among the world's oceans, possibly because circulation was fundamentally different from the present (e.g., Emanuel, 2002) . 'Hondt, 2005) .
THE CATASTROPHIC EVENT AT THE CRETACEOUS/ TERTIARY BOUNDARY
Regional occurrence of dysoxic to anoxic bottom waters directly after the extinction, however, suggests that the biological pump may have recovered rapidly (e.g., by coagulation by sticky diatoms or cyanobacteria, and ballasting with biogenic silica or terrigenous dust) at least regionally, as supported by the lack of extinction of deep-sea benthic foraminifera (Thomas, in press ). The persistent low benthic-planktic carbonisotope gradients must then be explained and may have had a more complex origin than earlier envisaged. One possible origin of these low isotope gradients is some combination of diagenetic "vital effects" because the surface-dwelling carriers of the isotope record underwent severe extinction; post-extinction records are derived from different species, and those records may have been infl uenced by input of light carbon to the surface ocean-atmosphere system by biomass burning or by methane from dissociation of gas hydrates due to continental margin slumping.
EARLY EOCENE CLIMATIC OPTIMUM
Earth may have cooled for a few millennia after the end Cretaceous bolide impact (Galeotti et al., 2004) . That cooling was followed by warming that continued through the end of the Paleocene (Figures 1 and 4) , making the early Eocene the warmest period of the Cenozoic (e.g., Haq, 1981; Zachos et al., 2001 ). We do not know how the high latitudes were kept at temperatures as great as 15°C or more; latitudinal temperature gradients were low and thus would not permit high heat transport through the atmosphere and ocean . 
LATE EOCENE COOLING/ GLACIATION
The net effect of climate change during the Cenozoic was drastic cooling. Ocean drilling results refi ned the cooling patterns ( Figure 1 ) and through analysis of these data over the last 25 years, the initiation of glaciation has been defi ned at increasingly earlier ages. In the 1970s, Antarctica was thought not to be cold enough to support continental ice sheets until the late Miocene. In 1981 the main features of the record were commonly discussed in terms of cooling rather than polar ice volume (Hag, 1981) : the "traditional interpretation of the δ
18
O curve" (Shackleton and Kennett, 1975) 
EPILOGUE: HOW HAVE OUR IDEAS CHANGED IN 25 YEARS?
• An asteroid impacted Earth at the end of the Cretaceous. Debate is still vigorous on the processes that caused extinction and the patterns of recovery of the biota.
• Timescales have become much more refi ned; an early Paleogene, orbitally tuned timescale may become available in the near future.
• Extreme, short global warming at the beginning of the Eocene was probably caused by rapid emission of greenhouse gases, but we do not know the source or process of emission.
• Climates of the late Paleocene-early Eocene Greenhouse World may have been punctuated by hyperthermal events, either caused by greenhouse gas emissions or by orbitally driven fl uctuations of a different nature.
• Opening of the Arctic to the world oceans might have been a factor in middle Eocene global cooling.
• The Tasman Gateway was open (shallow) in the middle Eocene and deepened in the late Eocene, but we do not yet know exactly when Drake Passage opened.
• There are doubts whether the initiation of the ACC could have been a major causal factor in the glaciation of the Antarctic continent.
